Ion movements associated with the pH rise that is observed upon illumination of thylakoid suspensions at low pH have been studied by a multiparameter technique. Light-dependent, dark-reversible fluxes of H+, Cl-, Na +, K + and divalent cations were monitored, together with simultaneous changes in the optical density of the suspension. Extensive uptake of Cl-and efflux of Mg2 + accompany the apparent inward movement of H + in the light. Only minor efflux of K+ is seen and Na+ appears immobile. The Cl-and Mg2+ fluxes together compensate for most of the charge transferred as H+, contributing respectively about 49% and 43% on an equivalent basis. The ratio of Cl-influx to Mg2 + efflux is variable, but usually >1.0., The Mg2 + flux can be supplanted by (1) K +flux, if the K+/Mg2+ activity ratio in the suspension is high, and (2) Ca2+ flux, if the thylakoids are equilibrated with suspending media containing Ca2+. The affinity of the divalentcation-binding sites, or carrier mechanism, is greater for Ca2 + than for Mg2 +. Schemes can be drawn up to account for the observed ion movements on the basis of either a chemical or a chemiosmotic mechanism for energy transduction in chloroplasts. In intact chloroplasts, lightdependent control of Mg2 + distribution between thylakoid and stroma could serve to regulate enzyme activities in the carbon fixation pathway, and hence photosynthesis.
Ten years ago, the first description appeared (1) of the lightdriven apparent uptake of hydrogen ions by isolated thylakoids (chloroplast inner membranes). The pH rise in the suspending medium was associated with a reversible increase in sample turbidity, and with the ability of energized thylakoids to phosphorylate ADP, upon relaxation in the dark under conditions conducive to photophosphorylation.
These observations have been extensively elaborated, and reviewed in detail (2, 3) . The pH rise phenomenon attracts continued attention, since it has seemed to provide the most tangible evidence in favor of the chemiosmotic mechanism (4) of energy transduction. Estimates of up to 3.0 pH units have been made (5) (6) (7) for the magnitude of the H+ gradient across illuminated thylakoid membranes, and this has been construed as establishing the thermodynamic feasibility of chemiosmotic coupling.
Such massive pH shifts cannot occur without concomitant flux of some ion other than H+, as required by the law of electroneutrality. It is commonly assumed that Cl-serves as a counterion, and Cl-uptake has been observed (8) (9) (10) . That reported by Deamer and Packer (10) was seen under conditions favoring uptake of the phenazine methosulfate cation (11) , in a manner presumably analogous to the uptake of amine cations and Cl- (12) . A simultaneous demonstration of stoichiometric H+ and Cl-uptake in the absence of uncoupler has yet to be given. Indeed, Dilley and Vernon (13) suggested that under their experimental conditions the combined K+ and Mg2+ efflux was about equal to the H+ uptake, therefore Cluptake (not measured) would have to be minimal or absent. But the significance of K+ and Mg2+ efflux observed (13) in a Tris -acetate medium devoid of K+ and Mg2+ is questionable.
The technology of ion-specific electrodes now permits monitoring, in real time, of most ion activities of biological import. An apparatus has been constructed which embodies Pressman's concept of multiparameter analysis (14) Because of the logarithmic relation between electrode potential and activity of the sensed ion, a given number of equivalents is represented by a smaller potential change as the activity is increased. Although the liquid membrane electrodes in particular are less noisy at high ionic strength, there is a net loss of signal/noise which sets an upper boundary on the usable concentration of the sensed ion (around 5 mN for the present conditions). A lower concentration limit is set by the need to prevent swelling and uncoupling (16, 17) . Furthermore, if reversible fluxes are to be seen, and in vivo conditions approximated, the activity of the ion under study and the overall ionic strength must be sufficiently high. Choline chloride or Trise acetate (13, 18) as passive supports for the ionic strength, together with very low concentrations of the ions of interest, have been avoided in the present work.
Spectrometric analysis of suspension filtrates for Mg and Ca proceeded as follows. Millipore membranes (pore size 0.8 /Am, diameter 47 mm) were washed in reaction medium followed by deionized water. The sample (5.0 ml) was applied in the dark to a hydrated membrane on a dry frit, without suction: (1) for 75 sec before being aspirated; (2) for 45 sec prior to illumination for 30 sec, followed by aspiration in the light, or (3) for a 30 sec illumination period, followed by 45 sec of darkness, then by aspiration (15 sec) in the dark. The reaction medium contained 0.1 M sucrose, 0.5 mM KCl, 0.5 mM NaCl, 5 sM pyocyanine, and 2 mM piperazine-N,N-bis(2-ethanesulfonic acid) (PIPES) buffer adjusted to pH 6.6 with Tris base. Mg and Ca concentrations were estimated from the volume of thylakoid suspension added, and were adjusted as required. Filtrates were analyzed by atomic absorption spectrometry under standard conditions for the elements. The samples were maintained at 220 and the incident red light intensity was 1.3 X 106 ergs cm-2 sec' in both the filtration and electrometric experiments.
RESULTS
Ion Redistributions Associated with the pH Rise Phenomenon. The apparent uptake of H+ by illuminated thylakoids is most extensive at pH values below 7.0 (19); therefore, the initial search for accompanying fluxes was conducted at pH 6.6. Buffer was added to the suspension to prevent the lightinduced pH rise from exceeding 0.04 unit. This is necessary because: (1) electrodes specific for ions other than H+ are responsive in some degree to H+ or OH-activity changes, and at the sensitivities employed here would be useless unless pH changes were suppressed; (2) at low pH, the intrinsic buffering capacity of the thylakoid is altered during illumination (20) . This effect was suppressed by minimizing the fractional contribution of the thylakoids to the total buffering capacity of the suspension. Of the zwitterionic buffers (21) Tricine and 2-(N-morpholino)ethanesulfonic acid (MES) interfered with the liquid membrane electrodes, but PIPES, HEPES, and the Tris cation were useful up to at least 10 mM.
Redistribution of ions across thylakoid membranes in response to illumination affects the composition of the external aqueous phase, as shown in Fig. 1 . The pH trace displays the well known alkaline shift which in this instance corresponds to about 0.01 pH unit (Fig. 1A) and an average H+ uptake of 538 neq/mg of chlorophyll (Table 1) which is close to half of the maximum reported value of 1 eq of H+/mol of chlorophyll (19) and is within the normally observed range (22) . Influx of Cl-, averaging 262 neq/mg of chlorophyll, balances only about 49% of the positive charge lost from the suspending medium in the light. Under the experimental conditions of Fig. 1A and B and Fig. 2 (below) the Cl-flux was usually about half the H+ flux in extent, but an exceptional case, showing a lower relative C1-is documented in Table 1 .
The remainder of the charge compensation is accountable primarily to a Mg2+ efflux, averaging 231 neq/mg of chlorophyll (Table 1) . Like all of the fluxes shown in Fig. 1 , the Mg2+ movement is reversed when illumination is terminated, and can be elicited repeatedly. The Mg2+ trace in Fig. 1 takes consistently longer than that of H+ or Cl-to reach steady state, but this could be due to differences in electrode response time. Several factors can slow the response of a liquid membrane electrode, including the presence of interfering ions (23, 24) ; therefore, interpretation of the kinetic aspects of these results must be deferred.
Monovalent metal cations have virtually no role in the events which accompany the pH rise phenomenon at low of Na+ is essentially unaffected by illumination, but the transient responses observed in the Na+ trace must be explained. The Na+ electrode, more than any other, is poorly selective for its specific ion relative to H+, and a large apparent Na+ influx would normally be recorded. Within limits, this can be corrected after each run by observing the response of the Na+ channel to known additions of NaOH, NaCl, and HC1. Alternatively, as here, titrations can be performed in advance of illumination, to establish a setting of the electronic compensation loop (see Methods) such that the Na+ channel shows no net response to changes in pH. When the time constants of the H+ and Na+ channels are unequal, as in Fig. 1 , the compensation can be detected as a transient.
From the approximate conservation of electroneutrality by the fluxes shown in Table 1 , it follows that extensive movements of other ions either do not occur or, improbably, are mutually compensating. Such ions include endogenous phosphate, buffer and bicarbonate. This last is present at about 20 MN under the experimental conditions of Fig. 1 .
The light-driven increase in OD shown in Fig. 1A and B has been observed previously (25, 26) and its significance will be explored later. The rise in OD and all the light dependent ion redistributions are inhibited (Fig. 1C) by 5 MM carbonyl cyanide m-chlorophenylhydrazone, an uncoupler.
Concentration Dependence of Cation Fluxes. The demonstration of a large (and reversible) light-driven efflux of Mg2+, and scarcely any movement of K+, was unexpected. Subsequent work revealed that the ratio of Mg2+ to K+ flux is dependent on the relative activities of these ions in the suspending medium, in an apparently competitive fashion strongly favoring Mg2+ flux. Fig. 2a , for example, shows that as Mg2+ is added to the suspension, at a fixed concentration of K+ and Na+ (each 0.5 mM), the Mg2+ efflux increases in extent, whereas the small fluxes of K+ and Na+ are totally inhibited. Concomitantly, H+ and Cl-influxes increase owing, most probably, to a rise in the rate of electron flow. Acceleration of electron flow by cations has been demonstrated for the reduction of NADP (27, 28) though not yet for cyclic flow mediated by pyocyanine. Fig. 2b Not surprisingly, the Ca2+ effluxin this first "Ca-free" study is less completely reversed (33%) in the dark than is the Mg2+ efflux (82%). The second study tabulated shows that a decrease in the Mg/Ca ratio of the suspension, from 18.5 (= 185/10) to 3.6 (= 147/41) enhances the extent and reversibility of the Ca movements. Although more Ca than Mg is unloaded in the light, the subsequent dark uptakes are almost equal. This latter observation suggests that Mg and Ca ions compete on virtually equal terms for the binding sites or carrier mechanism when the ratio of their activities is 3.6; that is, such specificity as exists is in favor of Ca, not Mg ion.
The third set of data in Table 2 amplifies this point by
showing that at a Mg/Ca ratio of 0.34, Mg2+ efflux is strongly suppressed as one would expect, and is poorly reversible. The total reversibility is unaffected by which ion is present in the sample in excess.
DISCUSSION
The light-dependent ion fluxes described in Table 1 can be accorded a number of interpretations, of which two important alternatives are shown in Fig. 3 . In Fig. 3a , 540 neq of H+ are driven inwards in a single energy-dependent, but not necessarily chemiosmotic, reaction. Because of equally low membrane permeability to Cl- (31) and divalent cations, the balance of charge is achieved both by electrophoretic influx of Cl-and efflux of Mg ion, the latter possibly being facilitated by protonation of internal Mg-ion-binding sites. The dashed line in Fig. 3a (34, 35) may be only half of the total H+ equivalents lost from the suspending medium.
The internal pH of the thylakoid is unlikely to fall below 3.5 (5-7), hence it follows from the extent of the H+ fluxes reported in Table 1 that over 98% of the incoming H+ would be bound to buffering groups. Even so, in either of the above models the osmotic movement of water would be inward (especially in Fig. 3b) (40) is related neither in extent nor kinetics to the large and rapid fluxes reported here. The activity of Mg ion might also be lowered owing to chelation by specific proteins of the type described from chloroplasts (41). Photophosphorylation does not demand a high Mg/Ca activity ratio since at values as low as 1.0, especially in the presence of ADP, it competes successfully with the Ca2+ and light-dependent adenosine triphosphatase (42) . The finding of a light-dependent cation efflux bears on the recent implication of Mg2+ in several important chloroplast functions reviewed elsewhere (15) . In particular, light-dependent release of Mg ion into the stroma could serve to increase the activity of carboxydismutase both as a carboxylase (43) and as an oxygenase (44) . An estimate can be made based on volume parameters (45, 46) for the rise in stroma Mg ion concentration which could result from efflux or release from thylakoids in the light, as shown in Table 2 . The rise is about 15 mM, though for reasons discussed earlier, the activity change may be only a fraction of this. Walker (43) showed that 4 mM Mg ion would induce photosynthesis upon addition to a reconstituted chloroplast system containing 1 mM Mg ion (see also ref. 47) . Thus the observed fluxes in thylakoid suspensions are sufficiently extensive to regulate photosynthesis in the intact chloroplast. Such control is necessary in order to preserve pools of carbon cycle intermediates during darkness, so that the cycle will remain primed for activity in a subsequent light period.
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